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ABSTRACT By comparing the amino acid sequences of 11
mammalian and 1 avian prion proteins (PrP), structural anal-
yses predicted four a-helical regions. Peptides corresponding
to these regions of Syrian hamster PrP were synthesized, and,
contrary to predictions, three of the four spontaneously formed
amyloids as shown by electron microscopy and Congo red
staining. By IR spectroscopy, these amyloid peptides exhibited
secondary structures composed largely of B-sheets. The first of
the predicted helices is the 14-amino acid peptide correspond-
ing to residues 109-122; this peptide and the overlapping
15-residue sequence 113-127 both form amyloid. The most
highly amyloidogenic peptide is AGAAAAGA, which corre-
sponds to Syrian hamster PrP residues 113-120 and is con-
served across all species for which the PrP sequence has been
determined. Two other predicted a-helices corresponding to
residues 178-191 and 202-218 form amyloids and exhibit
considerable B-sheet structure when synthesized as peptides.
These findings suggest the possibility that the conversion of the
cellular isoform of PrP to the scrapie isoform of PrP involves
the transition of one or more putative PrP a-helices into
PB-sheets and that prion diseases are disorders of protein
conformation.

Infectious prion particles are composed largely, if not en-
tirely, of the scrapie isoform of the prion protein (PrPS°) (1).
PrPS¢ is produced from the cellular isoform of the prion
protein (PrPC) by a posttranslational process that probably
occurs in the endocytic pathway (2—-4). In cultured cells and
probably brain, PrPSc accumulates in lysosomes (5-9). Lim-
ited proteolysis of PrPSc generates a peptide of 27-30 kDa
(PrP 27-30) by removal of the N-terminal =67 amino acids;
the resulting protease-resistant core is encoded by codons
90-231 (10, 11). Generation of PrP 27-30 in the presence of
detergent produces rod-shaped particles that are indistin-
guishable from many other amyloids based on their uitra-
structural morphology and tinctorial properties (12, 13). In
the brains of humans and animals with prion diseases,
sometimes PrPS¢ accumulates in the extracellular space as
amyloid plaques (14). These plaques, like the polymers of PrP
27-30, stain with Congo red dye and show green-gold bire-
fringence when viewed by polarization microscopy (15, 16).
All known amyloids are composed of protein polymers, the
secondary structures of which exhibit extensive B-pleated
sheets (17). From the amino acid sequence of mammalian
PrP, we predicted regions of B-sheets (18), and recent IR
spectroscopy studies confirm the presence of B-sheet struc-
tures within polymers of PrP 27-30 (19, 20).

In the study reported here, we synthesized peptides ho-
mologous to portions of the Syrian hamster (SHa) PrP
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sequence and examined their physical characteristics by
attenuated total reflection (ATR) Fourier transform IR spec-
troscopy (FTIR) (21). The particular peptides were chosen
based on structural predictions where the PrP amino acid
sequences from 11 mammalian and 1 avian sources were
compared (22). Those analyses suggested the possibility that
PrP might fold into a monomeric molecule with four a-helices
(ref. 23; J.-M.G., F.C., R.F., and S.B.P., unpublished re-
suits). Unexpectedly, synthetic peptides corresponding to
three of the four putative a-helices exhibit extensive 8-sheet
structure as well as the ultrastructural and tinctorial proper-
ties of amyloid.

MATERIALS AND METHODS

All PrP peptides (Table 1) were assembled by using the
9-fluorenylmethoxycarbonyl variant of the Merrifield solid-
phase method on an Applied Biosystems model 432A Synergy
peptide synthesizer. Peptides with side-chain protection were
cleaved from the resins by using thioanisole/ethanedithiol/
trifluoroacetic acid (TFA) and precipitated with rers-butyl
methyl ether. They were pelleted by centrifugation, suspended
in ether, washed three times, repelleted, dissolved in water/
isopropanol, and filtered. Peptides without side-chain protec-
tion were cleaved with 90% (vol/vol) TFA. The solutions were
lyophilized, and the peptides were analyzed by reversed-phase
HPLC and plasma desorption mass spectrometry. The major-
ity of peptides were >80% pure and were used without further
purification. The initial product for peptide H4 was =20%
pure, and it was purified by preparative HPLC and reana-
lyzed. The synthesis of SHaPrP-(113-120) gave 40% AlasGly,
(the desired product) and 60% AlasGly,, which could not be
separated by HPLC. Solutions of the peptides were prepared
in 1,1,1,3,3,3-hexafluoroisopropyl alcohol (HFIP; Aldrich)
and their concentrations were determined by amino acid
analysis by hydrolyzing aliquots at 110°C in vacuo for 24 hr in
the presence of 6 M HCI and phenol, preparing orthofluo-
rophthaldehyde derivatives, and analyzing by HPLC with
fluorometric detection (11). The Alzheimer peptide BA4-(1-
28) was supplied by Peninsula Laboratories.

After quantitation of each solution, aliquots were taken,
the solvent was evaporated, and the peptides were further
dried in vacuo before dispersion in measured volumes of an
appropriate solvent, either 20 mM Hepes (pH 7.4) or HFIP.
Samples that were dispersed in phospholipids were sonicated
five times for 2 min each. Similar treatment of the peptides in
the absence of phospholipids had no observable effects. Prion
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Table 1. Peptides used in this study

% Congo
Peptide Sequence LF-8 EM red
H1 Ac-MKHMAGAAAAGAVV-NH, 60 + +
H2 Ac-MLGSAMSRPMMHF-NH, 23 - -
H3 Ac-DCVNITIKQHTVTT-NH, 55 + +
H4 Ac-DIKIMERVVEQMCTTQY-
NH- 70 + +
SHaPrP-
(113-120) AGAAAAGA 80 + +
SHaPrP-
(113-127) AGAAAAGAVVGGLGG 70 + +
SHaPrP-

(121-136) Ac-VVGGLGGYMLGSAMSR 14 - -
BA4-(1-28) DAEFRHDSGYEVHHQKLVFF-
AEDVGSNK 45 + +

The % LF-B values were calculated from self-deconvoluted ATR-
FTIR spectra of peptide films deposited from 20 mM Hepes (pH 7.4)
and subjected to hydrogen/deuterium exchange. EM refers to the
observation of fibrils by electron microscopy. Congo red refers to the
observation of green-gold birefringence by polarized microscopy.
Ac, acetyl.

rods were prepared by discontinuous sucrose gradient ultra-
centrifugation (13).

ATR-FTIR was carried out using a Laser Precision ana-
lytical model RFX-30 FTIR spectrophotometer equipped
with a liquid Nj-cooled mercury cadmium telluride (MCT)
detector. The instrument was continuously purged with N,.
The internal reflection element was a germanium ATR plate
(50 x 20 x 2 mm) with an aperture angle of 45° yielding 25
internal reflections. Samples were prepared by drying the
peptide dispersion (typically 80 ul of a 1 ug/ul solution) on
the surface of the ATR element under N, at room tempera-
ture. Exchange of labile hydrogen by deuterium (necessary
for distinguishing a-helix from random coil) was achieved by
flushing with 2H,O-saturated N, for 2 hr. For each sample,
150 scans were averaged at a resolution of 2 cm~!. Analysis
of the amide I' band (1700-1600 cm~1) was performed as
described by Goormaghtigh et al. (21).

Electron microscopy was carried out by using specimen
grids that were coated with 0.25% Formvar and then carbon
and subjected to glow discharge (13). Five microliters of
0.5-2.5 uM peptide suspension was applied to a grid for 1 min
before any excess was washed away. Negative staining was
performed in uranyl formate for 10 sec (25, 26). Specimen
grids were examined by using a JEOL 100CX electron
microscope at 80 keV (1 eV = 1.602 x 10717 J).

Aliquots of each peptide suspension were air dried on glass
slides, dehydrated for 5 min with 80% ethanol, and stained for
20 min with 5% Congo red prepared in 80% ethanol saturated
with NaCl (13). Excess Congo red was removed by washing
with 90% ethanol. The stained samples were examined for
green-gold birefringence using an Orthoplan Leitz micro-
scope equipped with strain-free lenses, optimally aligned
cross-polarizers, and a 100-W quartz-halide light source.

RESULTS

Synthetic Peptides. By comparing the 11 mammalian and 1
avian PrP sequences, four regions were identified that might
form a-helices under monomeric conditions, which we des-
ignated H1, H2, H3, and H4 corresponding to residues
109-122, 129-140, 178-191, and 202-218, respectively (Fig.
1) (ref. 23; J.-M.G., F.C., R.F., and S.B.P., unpublished
results). If the putative helices were to exist, then PrP might
fold into a four-helix bundle domain. Most of peptide H1
overlaps with the putative transmembrane helix (27); the
C-terminal two-thirds of H1 is conserved across all species
examined to date (22). H2 also partially overlaps with the
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previously predicted transmembrane helix. H3 contains what
was previously predicted to be a B-sheet (18). H4 overlaps
with the previously predicted second a-helix (27). To mini-
mize changes to the hydrophobicity, the majority of the PrP
peptides were synthesized with acetyl and amide groups at
their N and C termini, respectively.

ATR-FTIR. Of the four putative helical peptides H1-H4,
only the most weakly predicted helix, H2, proved to be
readily soluble in water. In contrast, H1 was highly insoluble,
whereas H3 and H4 displayed limited solubility in water. The
ATR-FTIR spectra of the amide I’ bands for hydrated peptide
films are shown in Fig. 2A. The IR spectrum of H1 (Fig. 2A4,
spectrum i) has an amide I’ band with a maximum absorbance
at 1621 cm~1, which is characteristic of a B-pleated sheet
maintained by very strong hydrogen bonds. The unusually
low frequency of this absorption maximum and the presence
of a residual amide II band after 2 hr of hydrogen/deuterium
exchange confirm the existence of intermolecular interac-
tions. We have classified this absorption as resulting from a
low-frequency B (LF-B) sheet. H2 gave a different spectrum
with a maximum absorbance at 1655 cm~!, which is charac-
teristic of multiple-ordered structures including a-helix,
B-sheet, and turns with little indication of any LF-B sheet
(Fig. 2A, spectrum ii). The ATR-FTIR spectra of H3 and H4
(Fig. 2A, spectra iii and iv) indicate that the former contains
a mixture of LF-B and turns, whereas H4 is predominantly
LF-B. Any residual TFA remaining from the synthesis of H3
would absorb at 1670 cm~! and could be confused with turns.
Since H3 contains no arginine, the clean-up procedures
employed should have been sufficient to remove TFA; fur-
thermore, no other peptides showed significant peaks with a
maximum absorbance at this frequency even though some of
them contained arginine, which has a strong affinity for TFA.
The percentages of LF-B sheet for each peptide as calculated
by self-deconvolution (Table 1) often underestimate the LF-8
sheet for structures having a high degree of B-sheet and
overestimate it for those with little or none.

To identify the region of the H1 peptide involved in
amyloid formation, we synthesized peptides corresponding
to residues 113-127 and 113-120; both peptides displayed a
LF-B sheet structure (Fig. 2B, spectra ii and iii). The peptide
SHaPrP-(121-136), which links the C-terminal portion of the
conserved region with H2, gave an ATR-FTIR spectrum
indicative of mixed structures, mainly a-helical (Fig. 2B,
spectrum i). These findings argue that the octapeptide
AGAAAAGA is sufficient for B-sheet association, whereas
the C-terminal portion of the conserved region VVGGLGG is

109 H1 122 129 H2 140
MKHMAGAAAAGAVV MLGSAMSRPMMHF

" CHQ—€HO GPI

2 Y

DCVNITIKQHTVTT' DIKIMERVVEQMCTTQY
178 H3 191 202 H4 218

FiG. 1. Schematic representation of SHaPrP showing the four
proposed a-helices H1-H4 (boxed regions with diagonal lines).
One-letter amino acid code shows the sequences of the synthetic
peptides corresponding to the proposed helices; codon numbers for
the PrP open reading frame, which encodes a protein of 254 amino
acids, are given for the first and last residue of each peptide. A signal
peptide of 22 residues is cleaved from the N terminus, and a peptide
of 23 residues is removed from the C terminus when the glycosyl-
inositol phospholipid (GPI) anchor is added (shaded boxes at each
end). Asn-linked carbohydrates (CHO) are added to residues 181 and
197.



10942  Biochemistry: Gasset et al.

8
g
]
3
<

v iv

1700~ 16001700 1600

1700 15001700 1500
Wavenumber (cm-1)

F1G6. 2. (A and B) Amide I region of the ATR-FTIR spectra of
peptide films deposited from 20 mM Hepes (pH 7.4) and exchanged
with 2H,0-saturated N, for 2 hr. (4) Spectrum i, H1; spectrumii, H2;
spectrum iii, H3; spectrum iv, H4. (B) Spectrum i, SHaPrP-(121-
136); spectrum ii, SHaPrP-(113-127); spectrum iii, SHaPrP-(113-
120); spectrum iv, BA4-(1-28). (C and D) Effects of environmental
conditions on the 1700- to 1500-cm~! region of the ATR-FTIR
spectra of H1 (C) and BA4-(1-28) (D). Spectra i, in the presence of
NaDodSO4 (10% final concentration) and hydrogen/deuterium ex-
changed; spectra ii, dispersed 1:25 (wt/wt) in dimyristylphosphati-
dylglycerol, sonicated five times for 2 min, and hydrogen/deuterium
exchanged; spectra iii, deposited from HFIP without rehydration.
The preparation of the samples and the analysis of the data are
described in Materials and Methods.

not amyloidogenic. As a control we measured the FTIR
spectrum of the Alzheimer peptide BA4-(1-28) (Fig. 2B,
spectrum iv), which has been shown by IR spectroscopy to
have a B-sheet structure (28).

The secondary structure of peptides can be affected by the
choice of buffer, salt, pH, detergent, solvent, and tempera-
ture as illustrated in Fig. 2 C and D for amide I and amide II
bands of the ATR-FTIR spectra of H1 and BA4-(1-28). The
presence of NaDodSOj, had little effect on the IR absorption
of H1, even at NaDodSO4 concentrations up to 10% (Fig. 2C,
spectrum i), whereas the g-sheet structure of BA4-(1-28) was
significantly disrupted (Fig. 2D, spectrum i). The LF-8 sheet
structure of H1 was maximized in the presence of phospho-
lipids. H1 was incorporated into lipid vesicles by coevapo-
ration of the solvent from mixed dilute solutions of H1 and an
appropriate lipid in HFIP. At H1/phospholipid ratios of
1:25-1:100 (wt/wt) in dioleolylphosphatidylglycerol or
dimyristoylphosphatidylglycerol, the ATR-FTIR spectrum
changed to become pure LF-g (Fig. 2C, spectrum ii). Similar
treatment also affected the ATR-FTIR spectrum of SA4-(1-
28) in that the shoulder at 1670 cm™! shifted to lower
frequency (Fig. 2D, spectrum ii). When H1 was deposited
directly from HFIP solution, it showed a different amide I'
maximum at 1656 cm—! (Fig. 2C, iii). When treated with ZH,0
to differentiate between a-helix and random coil, a rapid
change was observed in the IR spectrum, which within 1 min
became indistinguishable from that shown in Fig. 24, spec-
trum i, characteristic of aqueous media. Identical behavior
was shown by BA4-(1-28) (Fig. 2D, spectrum iii). Unlike the
BA4 peptides that were reported to lose amyloid structure at
high or low pH, the spectrum of H1 showed no pH depen-
dence (data not shown).
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Electron Microscopy. The LF-B sheet exhibited by H1, H3,
H4, and some of the other synthetic peptides suggested that
these might participate in forming intermolecular clusters or
aggregates. Electron microscopy of H1 revealed clusters of
fibrils deposited from suspension in 20 mM Hepes at pH 7.4
(Fig. 3A). The fibrils showed a tendency for lateral associa-
tion and were stable over the pH range studied (i.e., 2.5-7.4).
H1 fibers were generally uniform in size with diameters of ~6
nm, but it is not certain whether each is a single fibril because
some of the fibers illustrated in Fig. 3 B-D and F for other
peptides are clearly double or multiple fibrils. Fibril forma-
tion was observed for SHaPrP-(113-127) (Fig. 3B), H3 (Fig.
3C), H4 (Fig. 3D), and SHaPrP-(113-120) (data not shown);
all of these peptides were shown by ATR-FTIR to have LF-8
structure. Peptides H2 and SHaPrP-(121-136) for which
ATR-FTIR indicated no LF-B sheet showed no fibril forma-
tion, even at concentrations substantially greater than that at
which H1 readily formed fibrils. For comparison, electron
micrographs of infectious prion rods composed largely of PrP
27-30 isolated from scrapie-infected hamster brain by dis-
continuous sucrose gradient ultracentrifugation (Fig. 3E) as
well as synthetic BA4-(1-28) fibrils (Fig. 3F) are shown, both
of which have been reported (13, 29).

Congo Red Birefringence. To determine if the synthetic PrP
peptides exhibited the same tinctorial properties of amyloid
as the prion rods, they were stained with Congo red dye.
Those peptides displaying the characteristic low-frequency
bands in their ATR-FTIR spectra and fibrils by electron
microscopy also exhibited green-gold birefringence when
stained with Congo red dye and viewed by cross-polarization
microscopy. Results similar to those depicted for H1 (Fig. 4)
were obtained for H3, H4, SHaPrP-(113-120), SHaPrP-(113-
127), and PrP 27-30 (data not shown). As expected from the
ATR-FTIR spectra, neither H2 nor SHaPrP-(121-136) exhib-
ited this phenomenon.

DISCUSSION

Three regions of the SHaPrP sequence were identified that
when synthesized as isolated peptides were insoluble in water
and formed amyloid fibrils. These findings raise the possibility
that the synthesis of PrPS¢ may involve the conversion of
a-helical regions of PrPC into g-sheets. This proposed mech-
anism is consistent with the insolubility of PrPSc (30), the
protease resistance of PrPS< (31), the propensity of PrP 27-30
to polymerize in amyloid (12, 13), and the increase in antige-
nicity of PrPS¢ after denaturation (32, 33). In contrast to PrPSe,
PrPC€ is soluble in nondenaturing detergents, is readily hydro-
lyzed by proteases, and does not form polymers, and its
antigenicity is not increased by denaturation. All three of the
putative a-helices that undergo B-sheet formation are con-
tained within the region of PrPSc that is protease resistant,
designated PrP 27-30. In Gerstmann-Striussler-Scheinker
disease with neurofibrillary tangles (34), a truncated form of
PrP (residues 58-150) has been found to be the major protein
within amyloid plaques (35). This truncated PrP molecule
contains only the H1 domain, which seems sufficient for
amyloid formation, especially in view of the resuits with
synthetic H1 peptides reported here. In Alzheimer disease,
B-amyloid deposits are composed largely of the BA4 peptide,
which results from limited proteolysis of the S-amyloid pre-
cursor protein (36, 37). While there is no good evidence for
transmissibility in Alzheimer disease to experimental animals
in contrast to the prion diseases, it is worth questioning
whether or not the conversion of an a-helical region in the
B-amyloid precursor protein (36) to a B-sheet is a primary
event in at least some cases of Alzheimer disease.

The ATR-FTIR method is sensitive to the hydrogen bond-
ing associated with the secondary structure of peptides and
proteins, particularly for amide I absorptions at 1700-1600
cm™!. It is a solid-phase method, an essential requirement for
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FiG. 3. Electron micrographs of H1 (A), SHaPrP-(113-127) (B), H3 (C), H4 (D), prion rods (E), and BA4-(1-28) (F). The preparation of
negatively stained samples is described in Materials and Methods. (Bars = 50 nm.)

some of the insoluble peptides included in this study; the
peptide is prepared as a thin film on a germanium crystal,
which is then hydrated with 2H,0. IR has been used to
demonstrate the B-sheet structure of various peptide homo-
logues of portions of the BA4 peptide and the effects of pH
on the stability of these amyloid structures (28). FTIR studies
on the secondary structure of nondenatured PrP 27-30 (19,
20) offer additional experimental data to reconcile the poly-
merization of PrP 27-30 into amyloid (13) known to be high
in B-sheet content (38) and secondary structure predictions
based on the primary structure of PrP (18) as well as a
possible mechanism for the conversion of PrP€ into PrPSc,

Prion rods dispersed into detergent/lipid/protein com-
plexes or liposomes retain their infectivity; in fact, prion titers
of detergent/lipid/protein complexes or liposomes are en-
hanced compared with the rods, probably due to increased
dispersion (39). When H1 was mixed with phospholipids, it
was no longer possible to observe amyloid fibrils by electron
microscopy, but ATR-FTIR indicated an increase in the LF-8
content. Despite the absence of large polymers when H1 was
dispersed into liposomes, we do not know whether the peptide
exists in a monomeric or oligomeric state within the liposomes.

There are similarities between the sequence AGAA-
AAGA, which is at the core of the amyloid-forming H1 PrP
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Fic. 4. Birefringence of Congo red-stained H1 viewed by cross-
polarization microscopy. (4) Bright field. (B) Cross-polarized. The
preparation of the samples is described in Materials and Methods.
(x150.)

peptide, and that of silk, which forms g-sheets, even though
Garnier-Robson analysis (40) predicts an a-helix. The most
common repeating unit in silkworm fibroin, a 108-residue
protein, is GAGAGS, although there are several variations
based on (GX), where X = Ala and/or Ser (41). There is
greater homology between the PrP sequence AGAAAAGA-
VVGGLGG, which we have shown to form B-sheets and
amyloid polymers, and the repeating units in spider fibroin,
which contains the sequences AGA,,GGA where n = 4, 6, or
7 as well as GGLGG (42). The homeobox protein CUT also
has a sequence AGAAAAAAAVGASGG at residues 1880—
1894, but it is not known whether this has any structural
significance with respect to PrP. Of note is PrP codon 117,
which is a site of a mutation genetically linked to Gerstmann~
Straussler-Scheinker disease; with this mutation (Ala— Val)
the resulting sequence is AGAAVAGA (43). The three-
residue subunit AAA is known to be strongly helix-forming.
Curiously, the tetrapeptide sequence AGAA adopts a helical
conformation in subtilisin (44) and alcohol dehydrogenase

(45) and has a B-sheet conformation in bacteriochlorophyll

(46). Similar structural heterogeneity has been observed for
the sequences AAAG and AAGA that are also found in the
H1 region. We have not yet investigated what effect this
amino acid substitution may have on the physical properties
of the synthetic peptides corresponding to this PrP region.

In summary, our investigations with synthetic peptides
offer a structural model for the molecular events that might
feature in the conversion of PrPC to PrPSc as well as the
replication of infectious prion particles. Whether any of the
polymeric synthetic PrP peptides described here can induce
neuronal degeneration, PrPS¢ formation, or prion infectivity
when inoculated into animals or transfected into cultured
cells is unknown. If additional data can be obtained to
support the hypothesis set forth here, then it may be useful
to examine other degenerative diseases for proteins under-
going similar structural changes.
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